Abstract: This paper deals with a formation control problem of nonholonomic mobile robots with obstacle avoidance. It is known that the mobile robots can achieve an arbitrary fonnation asymptotically by using virtual structures of the robots. However, in the presence of some obstacles, the real robots may not be able to avoid them even if the corresponding virtual robots can avoid. In this paper, we improve the virtual structure approach in order to remedy this difficulty. The proposed formation control law for each robot incorporates a potential function of the distance between the robot and obstacles, and takes trade-off between the formation maintainance and the obstacle avoidance by adaptive control switching. The effectiveness of the proposed method is verified by a numerical simulation.
INTRODUCTION
Fonnation control of mobile robots or vehicles is a typical application of multi-agent systems, where the dis tributed controls based on local information exchanges between agents achieve a global coordinated task. The fonnation control arises in various practical problems such as survey of danger zones and disaster areas and for mation flying of airplanes and satellites.
In this paper, we study formation control of nonholo nomic mobile robots taking obstacle avoidance into ac count. It is well known that a nonholonomic system is difficult to control because of its nonholnomic constraints such as incapability of lateral movement of a wheeled vehicle. In the literature of formation control of non holonomic mobile robots, Ikeda el al. [1] proposed a simple control method for the leader-follower-type for mation control by using virtual models of the robots. This virtual structure approach was extended by Yosh ioka and Namerikawa [2] to the leaderless consensus type formation control taking account of collision avoid ance between the robots. In [2] , the collision avoidance is achieved by using potential functions of the distances between virtual robots.
We have two difficulties for the formation control in the presence of obstacles in the filed. Firstly, the draw back of the above virtual structure approach is that a real robot may not be able to avoid an obstacle, even if the cor responding virtual robot can avoid it. Secondly, it may be difficult to maintain the desired formation depending on the location of obstacles. In this case, we need to guaran tee the obstacle avoidance for safety by giving up main taining the desired fonnation.
In order to conquer these difficulties, we will propose a new formation control method which takes trade-off be tween the fonnation maintenance and the obstacle avoid ance using a potential function of the distance between each robot and obstacles.
978 -89-93215-06-995560114/$15 ©ICROS 121 2. SYSTEM MODELING
Graph theory
Throughout this paper, we consider the formation of N mobile robots. The communications among these robots are well described by using the graph theory [3] .
A graph Q is defined as a couple Q = (V, E), where V={l, 2, 3, ... ,N} is the node set, and E C;; V x V is the edge set. In multi-robot systems, each node rep resents each agent, and the edge (i, j) E E represents the communication channel between the i-th and j-th robots. We assume that the communication channels are bi-directional, namely the graph Q is an undirected graph. The graph Laplacian L is used to express the graph topology algebraically. The degree di of the i-th node is the number of the edges connected to the node. Define the degree matrix by D(Q) = dia g{ d 1 , d2, ... , d N }. Then the graph Laplacian L(Q) E lRNxN is defined by
The Laplacian is positive semi-definite for an undirected graph. Furthermore, the second smallest eigenvalue of L(Q) is positive if and only if Q is a connected graph.
In order to construct a multi robot system achieving formation, we put the following assumption.
Assumption 1:
The graph Q associated with the multi-robot system is a connected graph. That is, there is a information path fro m the i-th robot to the j-th robot fo r anyi, j E V.
Mobile robot model
The multi-robot system consists of two-wheeled mo bile robots ( Fig. 1 ) with a common dynamics under the assumption that friction forces are negligible . The dynamics of the i-th robot is described by 
Wi
: the rate of change of the heading angle ei
This robot model has the velocity constraint
This implies that the robot is a nonholonomic system, since it cannot move to the direction vertical to its head ing angle.
Virtual structure
We employ the virtual structure due to Ikeda et al. [1] and Yoshioka and Namerikawa [2] to cope with the nonholonomic characteristics of the two-wheeled mobile robots. As shown in Fig. 1 , we introduce the the follow ing coordinate transformation from the i-th robot to its corresponding virtual robot. It should be noted that Bi is nonsingular for any ei if Xdi -I=-O. In this case, Xri, Yri have the one-to-one cor respondence with Vi , Wi . This enables us to achieve an arbitrary formation even in the presence of the nonholo nomic constraint (3) by specifying desired behaviors of the virtual robots.
Xri = Xi
Hereafter, we will consider the formation control prob lem in terms of this virtual structure (VS).
PROBLEM STATEMENT
The aim of this paper is to develop a new control method to achieve an arbitrary formation for the multi robot system modeled in the previous section as well as avoiding collisions among robots and obstacles. With an appropriate choice of Xdi, Ydi, i E V, an ar bitrary formation can be achieved by matching the states of all the virtual robots. An example of such situations is illustrated in Fig. 2 . Therefore, the formation control problem comes down to the consensus problem of the vir tual robots, namely
Construction of formation
where, T i = r i -r ri, and r ri is the reference relative position to ri which is determined by the desired forma tion pattern. We refer to this consensus as the virtual Structure (VS) consensus.
Collision avoidance
For a mobile robot, we introduce the smallest enclos ing circle with radius D centered at the center of grav ity of the robot. The collision is defined as the situation where other robots and/or obstacles enter the circle. To avoid collisions among robots and obstacles, it is required to satisfy
where I l rij( t)11 is the distance between the i-th and j-th robots, df (t) is the distance between the i-th robot and obstacles.
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(a) (b) Fig. 3 Conditions for collision avoidance
In the collision avoidance between two robots, if they are adjacent on the graph, then they can directly exchange the information on their positions. This prevents from collisions between the robots. On the other hand, in the case of obstacle avoidance, the position of the obstacle in the field is not known a priori. Hence, each mobile robot needs to detect the positions of obstacles and to take an avoiding action, when the robot approaches them.
If the avoiding action is taken based on the state of the virtual robot for obstacle avoidance, it is possible that the real robot cannot avoid obstacles even if the virtual robot can. Therefore, to ensure the obstacle avoidance for the real robots, we need to make use of the states of the real robots instead of those of the virtual robots. 
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Potential function
We employ the potential method for collision avoid ance between the robots [4] . The potential method is a way to drive the mobile robots by applying repulsive forces generated from a virtual potential function of the relative distance between the robots. To prevent from the collisions between the i-th robot and its neighbors, we introduce the following potential function:
JEN; d Uij( ll rij ll ) = I l rij ll + log I h j ll ,
where M is the set of the robots neighboring the i-th robot, d > 0 is the parameter such that Uij is minimized at I l rij II = d, j EM. This potential function Uij is shown in Fig. 5 . ance, and they are respectively described as
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where k I, kv, kvr > 0 are the control gains to be de signed, and where v* is a reference speed. Moreover, ri is defined in Sub-section 3.1.
Proposition 1: [2]
In addition to Assumption i, we assume that
where )... 2 is the second smallest eigenvalue of k I L and fmax = ma xi =l,. .. , N { -VTiUd. Then, the multi-robot system with the distributed control law (9)-( 12) asymptotically achieves the VS consensus, i.e. the fo rmation, as well as the collision avoidance between robots.
Formation with obstacle avoidance
Potential function
Similarly to the collision avoidance between the robots, we apply the potential method to the obstacle avoidance mentioned in the previous section. When the ' i-th robot detects some obstacles, we use the following potential function due to [5] for the obstacle avoidance:
where N:;0 is the set of detected obstacles, Tf is the posi tion of the ' i-th real robot, Tfz is the position of the obstacle I E N:;0, ko and a are the design parameters used for ad justing the strength and range of the repulsive force from obstacles, respectively.
Control law
Each robot can obtain information on its environment by some sensors such as cameras, laser range scanners, and so on. The robot can detect and localize obstacles only when they enter the limited sensor area around the robot. Let N:;0 be the set of the obstacles in the sensor area of the i-th robot. That is, N:;0 is empty, if there is no obstacles within the sensor area. In contrast, N:;0 cJ 0 holds, if there is at least one obstacle in the sensor area.
If N:;0 = 0, then we apply the control law of (9)-(12).
Otherwise, we add the repulsive force terms from the po tential functions of (14) to the above control law. The proposed control law for the formation control with ob stacle avoidance is summarized as
where ili o and u'; a are given by -co k (
JEN;
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D o ) is the design parameter, D o is the radius of the circle which enclosing the sensor area of the each robot. The role of the equation (18) is as follows. When there is an obstacle very close to the i-th robot, the gain ki for the VS consensus is reduced in order that the robot should take the avoiding action. In the safe situation, the gain ki is set to the normal value k I.
NUMERICAL SIMULATION
Simulation setting
We conduct a numerical simulation to verify the effec tiveness of the proposed method over MATLAB/Simulink ® . Consider a group of 5 mobile robots over the network with complete graph topology in Fig. 7 . The desired for mation pattern is given in Fig. 6 . Table 1 summarizes the initial states of all the robots. The design parameters of the proposed control law are chosen as in Table 2 . 
Simulation result
The simulation results are shown in Figs. 8-13. Figs. 8, 10 and 12 illustrate the trajectories of the robots, where the shaded area represents an obstacle.
Figs. 8 and 9 show the simulation results in the case where the potential functions for obstacle avoidance are evaluated by using states of the virtual robots instead of those of the real robots. In this case, Robot 2 and Robot 4 collide with the obstacle at about t = 1 0 [s].
Figs. 10 and 11 show the simulation results in the case without adaptive gain switching. In this case, the robots can not achieve the desired formation because the speeds of all the robots converge to zero in the neighborhood of the obstacle as shown in these figures. Figs. 12 and 13 illustrate the simulation results for the proposed method with the adaptive gain switching plus the potential functions using states of the real robots. It is seen from Fig. 12 that the robots successfully avoid the obstacle by adaptively changing their formation, and fi nally achieve the desired formation. In Figs. 13 (a) and (b), the relative velocities between the robots converge to zero. Fig. 13(c) shows that all the speeds Vi, i = 1, ... ,5 converge to the reference value v* =15[cm/s]. The rela tive distances between robots and the distances between robots and the obstacle are depicted in Fig. 13(d) and (e), respectively. It is seen from these figures that collisions among the robots and the obstacle are effectively avoided since IITij II > 2D and df > D are maintained all the time. Consequently, the effectiveness of the proposed control method is verified from the above observations.
CONCLUSION
In this paper, we have extended the virtual structure approach [1] , [2] to the formation control taking account of obstacle avoidance, and have proposed a new control law for this control task. Key features of the proposed control law are the use of the potential functions of the distance between the real robots and obstacles, and the adaptive gain switching in (15) and (18). It should also be noted that, the proposed control method does not need any prior information on the number and the positions of obstacles in the field. Finally, effectiveness of the pro posed control law has been verified by the numerical sim ulation. 
